The observation of the Z boson rare decay to a ψ meson and two oppositely charged sameflavour leptons, + − , where ψ represents the sum of J/ψ and ψ(2S) → J/ψ X, and = µ, e, is presented. The data sample used corresponds to an integrated luminosity of 35.9 fb −1 of proton-proton collisions at a center-of-mass energy of 13 TeV accumulated by the CMS experiment at the LHC. The signal is observed with a significance in excess of 5 standard deviations. Removing contributions from ψ(2S) decays to J/ψ, the signal is interpreted as being entirely from Z → J/ψ + − , with its fiducial branching fraction relative to that of the decay Z → µ
Introduction
The amazing performance of the LHC 1 provides CMS with a large sample of Z bosons. With such a large amount of data, the CMS collaboration can now probe rare decay channels, such as Z → V + − , where V is a vector meson. Such decays where consider by various theory groups 2,3,4 during the LEP era. Theoretical calculations of this process, illustrated in figure 1 for the case where V = J/ψ predict a branching fraction of (6.7-7.7) × 10 −7 . Although there are many searches for the Z boson to decay in the J/ψγ final state 5, 6 , the J/ψ + − decay mode provides a cleaner experimental signature and larger branching fraction 4 . This is because the lepton propagator in the diagram shown in figure 1 left is of the order of 1/M 2 J/ψ , while on the one on the right is of the order of 1/M 2 Z . This boosts the diagram on figure 1 left by a factor M 2 Z /M 2 J/ψ making it the dominant J/ψ meson production mechanism in electromagnetic Z decays.
In this article, the first observation of Z → ψ + − is presented 7 , where ψ sums over J/ψ and ψ(2S) → J/ψ X, and = µ, e. The data sample used is 35.9 fb −1 of proton-proton collisions recorded by the CMS experiment 8 at the LHC at √ s = 13 TeV center-of-mass energy. After removing contributions from ψ(2S) → J/ψ X, the branching fraction ratio (R J/ψ + − ) of B(Z → J/ψ + − ) relative to B(Z → µ + µ − µ + µ − ) is measured in the fiducial phase-space of the CMS detector.
Selections
This analysis follows closely the Z → + − + − analysis from CMS 9 . An ensemble of high-p T single, dilepton and lower-p T three-lepton triggers is used. The selection criteria for the signal and reference channels are summarised in table 1. Table 1 : Selection criteria for signal and reference channels. Here, refers to a prompt muon or electron from the signal decay, or to either of the two leading muons from the reference decay. Subscripts give the lepton pT rank in decreasing order.
Selection requirement
Signal (reference) sample: 0 (40) < m + − < 80 GeV Reference sample: 4 < m µ
In addition, the four leptons, and the two muons coming from the ψ decay, are required to be fitted to a common vertex with a χ 2 probability greater than 5%. Finally, all leptons are required to be isolated and have an impact parameter significance IP/σ IP < 4, where IP is the distance of closest approach of the lepton track to the event vertex and σ IP is its associated uncertainty.
After applying the selection criteria, 29 Z → ψµ + µ − and 18 Z → ψe + e − candidate events are found. The ψ → µ + µ − and Z → ψ + − invariant mass distributions of these events are shown in figure 2 , where four contributions can be seen. First, the signal Z → ψ + − decay populating the centre of the two-dimensional (2D) plot, second the Z → µ + µ − + − decay, where the m µ + µ − is non-resonant, third the ψ → µ + µ − decay with two additional non-resonant leptons and fourth, two muons and two leptons coming from combinatorial background.
Observation of the Z → ψ + − decay
An extended 2D unbinned maximum likelihood fit is used to determine the signal yield in the m Z→ψ + − and m ψ→µ + µ − variables. The one-dimensional projections of the fit are shown in figure 3 . The number of signal events found are N Z→ψµ + µ − = 13.0 ± 3.9 and N Z→ψe + e − = 11.2 ± 3.4.
The signal significance for the Z → ψµ + µ − and Z → ψe + e − decay channels is 4.0 σ and 4.3 σ, respectively. The combined significance is 5.7 σ.
For the selection of the Z → µ + µ − µ + µ − reference channel, the same selection criteria as for Z → ψ(→ µ + µ − )µ + µ − are applied, with the exception of the vertexing of the ψ muons and the p ψ T requirement. The Z → µ + µ − µ + µ − signal is extracted using the same parameterisation (upper) and Z → ψe + e − (lower) candidates. Data are represented with filled circles, the solid blue line is the overall fit to the data, the green filled region corresponds to the signal yield, while the dashed blue lines are the ψ signal from the Z background (left) and the Z signal extracted from the ψ background (right) 5 .
used for Z modelling on the Z → ψµ + µ − signal model, which results in a signal yield of 250 ± 20 events.
The fiducial branching fraction of Z → J/ψ + − relative to the Z → µ + µ − µ + µ − decay mode is calculated using the formula:
where N Z→J/ψ + − is the number of Z → J/ψ + − events, after removing ψ(2S) → J/ψ X contributions. Using the branching fraction ratio B[Z → J/ψ + − ]/B[Z → ψ(2S) + − ] from Ref 3 , 1.9 events from N Z→ψµ + µ − and 1.7 events from N Z→ψe + e − are subtracted, leaving 11.1 N Z→J/ψµ + µ − and 9.5 N Z→J/ψµ + µ − signal events. The efficiencies are evaluated using MC in the fiducial region defined in table 1 and are found to be Z→µ + µ − µ + µ − = 81.1%, Z→J/ψµ + µ − = 80.8% and Z→J/ψe + e − = 79.6%. Using these values, the branching fraction ratio is measured to be:
This result assumes that the J/ψ mesons are produced unpolarised. Comparing the results obtained using the unpolarised and the longitudinally polarised and the three transversely polarised scenarios, 'transverse 0', 'transverse −' and 'transverse +' 10 , a variation from −24 to +22% is observed.
Extrapolating from the fiducial region to the full space and assuming that the extrapolations of the signal and reference channels cancel in the ratio a qualitative estimate of the B(Z → J/ψ + − ) can be extracted. Using B(Z → µ + µ − µ + µ − ) = (1.20 ± 0.08) × 10 −6 for m µ + µ − > 4 GeV 9 , B(Z → J/ψ + − ) ≈ 8 × 10 −7 , which is consistent with (6.7 ± 0.7) × 10 −7 and 7.7 × 10 −7 as calculated in Ref. 2 and Ref. 3 , respectively.
